The geographical variability in the anglerfish Lophius piscatorius otolith shape was investigated to examine biological evidence for the current separation into Northern and Southern stocks of L. piscatorius established in the Southwest European waters (Southern Shelf area) by the International Council for the Exploration of the Sea (ICES). In all, 629 otoliths of L. piscatorius (12-90 cm total length) from commercial fishing and research surveys were collected in two consecutive years, 2008 and 2009. The otolith shape was compared between stocks for differences in univariate descriptors using non-parametric analysis of covariance, as well as elliptical Fourier shape descriptors, through a metric multidimensional scaling and a linear discriminant analysis (LDA). The differences found in the otolith shape between Northern and Southern stocks were not large enough to hold the current status of L. piscatorius regarding stock definition in the Southern Shelf area, although homogeneous mixing between both stocks is not expected as there were significant differences between three univariate descriptors and the LDA was significant. These results are in agreement with the previous L. piscatorius stock identification studies (genetics, body morphology, and migratory behaviour), which do not support the current separation of these stocks but found substructures within the area.
Introduction
Anglerfish Lophius piscatorius (Linnaeus, 1758) is distributed in the Northeast Atlantic from Iceland and the southwestern Barents Sea to the Strait of Gibraltar, including the Mediterranean and the Black Sea (Caruso, 1983; Whitehead et al., 1986; Fariña et al., 2008; Solmundsson et al., 2010) . This species is found on the shelf and upper slope, from shallow waters to 1000-m depth. Anglerfish is among the most valuable bottom species in western and southern European fisheries, being a relevant component of mixed trawl fisheries taking hake (Merluccius merluccius), megrim (Lepidorhombus whiffiagonis and L. boscii), sole (Solea solea), cod (Gadus morhua), plaice (Pleuronectes platessa), and Nephrops and a target species in gillnet fisheries (ICES, 2010) . In the Northeast Atlantic, the International Council for the Exploration of the Sea (ICES) considers three stocks of L. piscatorius, with boundaries that were established for assessment and management purposes rather than on biological population data. The Northern Shelf stock extends over ICES Divisions IIa and IIIa and Subareas IV and VI. Two stocks are defined in the Southern Shelf area, the Northern stock in Divisions VIIb-k and VIIIa, b, and d and the Southern stock in Divisions VIIIc and IXa (ICES, 2010) . Three management units are currently distinguished within the Northern Shelf stock (ICES, 2009) , and there are indications of metapopulations in the Southern Shelf area Blanco et al., 2008) .
Different methods have been used in fish stock identification studies : life history (e.g. growth, reproduction), natural markers (body and otolith morphometrics, meristics, genetics, parasites, otolith elemental composition, and fatty acid profiles), and applied marks (internal and external tags, electronic tags, and otolith thermal marking). Regarding L. piscatorius, life history, migratory behaviour, body morphology, and genetics have previously been used to study population structure and for stock discrimination (Crozier, 1987; Duarte et al., 2004; Fariña et al., 2004; Blanco et al., 2008; Landa et al., 2008) . Interactions between management units were shown in tagging studies (Laurenson et al., 2005; Landa et al., 2008) . The current management unit definitions of L. piscatorius in the Northeast Atlantic are not supported by genetic results (Charrier et al., 2006; Blanco et al., 2008) , but subpopulation components in the Southern Shelf area were found based on body morphometrics .
Otolith shape analysis has been used widely with success in stock identification studies of various marine fish species like cod (G. morhua), redfish (Sebastes spp.), sole (S. solea), and herring (Clupea harengus; e.g. Campana and Casselman, 1993; Stransky, 2005; Mérigot et al., 2007; Burke et al., 2008) , although this method has never been used in anglerfish stock identification studies. The otolith shape analysis allows a quantitative description of the otolith outline, creating two-dimensional images that may be compared statistically (Lestrel, 1997) .
The aim of this study was to examine whether there is a variation in the "sagitta" otolith shape between individuals of L. piscatorius from the Northern and Southern stocks of the Southern Shelf area and to determine the contribution of this technique to the anglerfish stock definition. The results were evaluated together with previously published studies to maximize the likelihood of correctly defining stocks over the whole distribution area.
Material and methods

Lophius piscatorius samples and otolith collection
Samples of the anglerfish population from the Cantabrian Sea and Northwest of Spain (Southern stock of the Southern Shelf area;
ICES Divisions VIIIc and IXa) and the Southwest of Ireland (Northern stock of the Southern Shelf area; ICES Divisions VIIb, VIIc, and VIIk) were analysed in this study ( Figure 1 ). Moreover, samples from the Northern Shelf stock (ICES Divisions IIa and IVa) were examined to be used as outgroup in the statistical multivariate analyses.
In all, 629 sagittal otoliths extracted from L. piscatorius ranging from 12 to 90 cm total length (TL) were examined. The samples were taken from commercial fishing and research surveys in 2008 and 2009 (Table 1) . The left and right otoliths were extracted and stored dry in plastic tubes or paper envelopes, including individual fish data (e.g. length and sex) and sampling location (ICES Division or statistical rectangle). Before weighing the otoliths (with a precision of 0.001 mg), they were cleaned in distilled water and kept in dry storage for 24 h to eliminate the humidity. By default, the left otolith was examined; however, if it was broken or deformed (13% of the total), the mathematically mirrored right otolith was used (Stransky and MacLellan, 2005) . Regarding the outgroup from the Northern Shelf stock, a total of 88 anglerfish otoliths from commercial fishing was analysed. These samples belonged to the collection of biological material Use of the otolith shape analysis in stock identification of anglerfish of L. piscatorius from the Institute of Marine Research (Norway) and Marine Scotland Science (Scotland).
In Figure 1 , the study area indicating the geographical origin of anglerfish samples is shown. As the exact position of the commercial fishing samples was not known, the midpoint of the ICES Divisions and rectangles was drawn into the map (VIIIc, 4385 ′ N 6830 ′ W; IVa: 46E9, 58845 ′ N 0830 ′ W; 47E6, 59815 ′ N 3830 ′ W; 49F2, 60815 ′ N 2830 ′ E).
Image and shape analysis
A digitization of the otoliths was performed to obtain the morphological data. A set of univariate descriptors and the Fourier descriptors (FDs) from elliptical Fourier analysis (EFA) was calculated as variables in the statistical analyses.
Otolith outlines were digitized using an image analysis system consisting of a high-resolution video camera Leica DFC 420 mounted on stereomicroscope Leica M80 and connected to a computer. The otoliths were positioned onto the microscope stage with the sulcus up and the rostrum to the right in a horizontal line. High-contrast images were produced using transmitted light, where the otoliths were black objects on a bright background. The video signal was analysed using ImageJ (v.1.44i) analysis software (Abramoff et al., 2004) .The image was converted from a greyscale image to a binary image by the auto threshold function of ImageJ. The outline then was extracted automatically by applying a plugin, which samples 1000 equidistant points. For the export of outline coordinates, a plugin of ImageJ developed at the Institute of Sea Fisheries (Germany) was applied.
Five univariate descriptors (otolith length, width, weight, perimeter, and area) and three shape indices (circularity, perimeter-area ratio, and otolith length -width ratio) were calculated. The circularity (4p × area/perimeter 2 ) is a dimensionless value that indicates the similarity of the otolith contour to a perfect circle, and its values range between 0 and 1, being a value of 1 for a perfect circle. The perimeter-area ratio (perimeter 2 /area) gives information about the otolith contour complexity, and the otolith length -width ratio shows the degree of elongation in the otolith shape. The univariate descriptors were screened for normality and homogeneity of variance using Kolmogorov-Smirnov normality tests and Levene's tests, respectively. Since the data did not show a normal distribution (p , 0.05) or homogeneity (p , 0.05) and attempts to transform them were unsuccessful, a non-parametric analysis of covariance (ANCOVA) was used to evaluate the differences in the univariate descriptors between stocks and years (dependent variable, stock/year; independent variable, univariate descriptors; covariate, TL). The tests were carried out with a significance level of 0.05 using the R statistical software (v.2.10.0; R Development Core Team, 2009). The sm package was used to perform the non-parametric ANCOVA.
The digitized outline coordinates were forwarded to EFA (Kuhl and Giardina, 1982) using Java modules based on the algorithms of Ferson et al. (1985) . Elliptical Fourier functions are derived as a parametric formulation from conventional Fourier analysis, i.e. as a pair of equations that represent the variation in x and y coordinates as a function of a third variable t, along the otolith outline (Kuhl and Giardina, 1982; Lestrel, 1989) . The EFA consists of describing the outline of a specific shape with several components (harmonics) with an ellipse as the first approximation step. Each harmonic is characterized by four coefficients (FDs), resulting from the sine and the cosine part of the variation in the x and y coordinates. To obtain more detailed information about this technique and their application in Biology, see Lestrel (1997) . The EFA was carried out applying a plugin of the ImageJ software, which was developed in the Institute of Sea Fisheries (Germany). The four FDs for each harmonic were normalized with respect to the first harmonic to make them invariant to changes in size, location, rotation, and starting point. After transformation, the three first FDs of the first harmonic are constant and were not taken into account in the analysis. However, the last one was included because it represents the eccentricity of the ellipse. To determine the required number of harmonics for the best reconstruction of the otolith outline, the Fourier power spectrum was calculated (Lestrel, 1997) . The first seven harmonics were included in the analyses, since these were responsible for over 99% of the shape variation. Therefore, in the multivariate statistical analysis, 25 variables were included (four FDs per harmonic minus three constant FDs).
Size correction and multivariate analysis
The relationship between FDs and anglerfish TL was checked using Pearson's correlation coefficient (r), finding a significant correlation between these variables (p , 0.05). Most important for morphometric analysis is the correction of the data by size, i.e. uncoupling of otolith shape and anglerfish TL. To eliminate the effect of the anglerfish TL on the FDs, the standard residuals from a linear regression of each FD on the anglerfish TL were calculated for the whole data (Reist, 1985) . The size-corrected FDs were screened for normality and homogeneity of variance using Kolmogorov-Smirnov normality tests and Levene's tests, respectively. The normalized FDs were normally distributed (p . 0.05) and they showed homogeneity of variance (p . 0.05); therefore, the use of parametric tests in stock discrimination was possible. Two techniques were applied for investigating differences between stocks: metric multidimensional scaling (MDS) and linear discriminant analysis (LDA). Before performing the MDS, it was necessary to calculate a pairwise Euclidean distances matrix using the size-corrected FDs. The MDS is an ordination technique, which uses Euclidean distances between FD data to detect groups among samples. The quality of ordination was measured through the stress factor, which varies between 0 and 1, with 0 indicating a perfect fit (Kruskal and Wish, 1978) . The LDA is a classification technique to discriminate among predefined groups of individuals based on a sample of observations from each group (Klecka, 1980) . The classification success into groups was tested by jack-knifed cross-validation (the method of leaving out one case at a time), and Wilks' l was used to evaluate the discrimination power (Wilks' l approaches 0 if the groups are well separated and 1 if there is no discrimination). This technique was used to test differences between stocks and years (dependent variable, stock/ years; independent variable, size-corrected FDs). To test for any significant effects of sex on the otolith shape, an LDA including only the stocks belonging to the Southern Shelf area was carried out for males and females separately and for both sexes combined. Average otolith shapes were drawn for each stock from reproduced outlines of the average FDs within stocks.
All tests were carried out with a significance level of 0.05 using the R statistical software (v.2.10.0; R Development Core Team, 2009), SPSS (v.11.5.1), and SYSTAT (v.9; SPSS Inc., 1999).
Results
Univariate shape descriptors
The univariate descriptors did not show significant differences between years (ANCOVA; p . 0.05), so samples from 2008 and 2009 were pooled in the stock identification study. The only significant differences between stocks were found in three shape indices (circularity, perimeter-area ratio, and otolith lengthwidth ratio; p , 0.05). The circularity is higher in the Northern stock of the Southern Shelf area, whereas the perimeter-area ratio and the length -width ratio are higher in the Southern stock of the Southern Shelf area, nearly in the entire studied anglerfish TL range (12-78 cm TL, Figure 2 ). This means that the otolith shape is slightly more complex in the Southern stock than in the Northern stock, i.e. the otolith shape shows a more irregular outline and appears elongated.
Fourier and multivariate analysis
The effect of the anglerfish TL on the FDs was successfully eliminated using the residuals from the linear regression between these variables. Before size-adjustment, 18 of 25 FDs were significantly correlated with the TL (p , 0.05), whereas the residuals showed no correlation (r , 0.001; p . 0.05). The size-corrected FDs did not show significant differences between years (Wilks' l ¼ 0.960; p . 0.05). The anglerfish sex did not have a relevant effect on the otolith shape, as the results obtained in the stock analysis for males, females, and combined sexes were very similar. Therefore, the data from both years and sexes were pooled for analysis.
In the MDS of the size-corrected FDs, only one group was found ( Figure 3) ; all data appeared in a single cloud and there was no evidence of subgroupings that could be interpreted as stock differences (stress factor ¼ 0.184).
To visualize the results of the LDA of the size-corrected FDs between stocks, the scatterplot of discriminant scores (Figure 4) , the classification matrix (Table 2) , and the Wilks' l have been selected among the different outputs of the LDA. Both Use of the otolith shape analysis in stock identification of anglerfish discriminant functions were significant (p , 0.05), but explained only 14.8 and 7.1% of the total variation. No evidence of relevant differences between stocks was observed graphically (Figure 4) . The classification matrix was interpreted in two ways: first, by observing the proportion of fish that are correctly classified in each group and, second, the proportion of fish from a given group that are classified into another group. In this way, the better defined group and the more similar groups were identified. The Northern stock of the Southern Shelf area had higher percentage of individuals successfully classified (47.9%) than the Southern stock of the Southern Shelf area (42.3%; Table 2 ). In function of the misclassification, the most similar stocks were the Northern and Southern stocks of the Southern Shelf area and the Northern Shelf stock was more similar to the Northern stock of the Southern Shelf area ( Table 2 ). The discriminant analysis was significant (p , 0.05), but the overall probability of correct classification through jack-knifed cross-validation was low (44.8%) and the Wilks' l was close to 1, confirming that the discriminatory power of the model is low.
In Figure 5 , the average shape of the otoliths from reproduced outlines of the average FDs within each stock is shown. Only minor differences between average shapes were observed. Otoliths from the Northern and Southern stocks of the Southern Shelf area were slightly narrower than those from the Northern Shelf stock.
Based on the results obtained from univariate and multivariate analyses, the differences found in the otolith shape between Northern and Southern stocks were not large enough to support the concept of separate biological stocks of L. piscatorius in the Southern Shelf area.
Discussion
Shape analysis of otoliths has been a widely used tool in stock identification studies of marine fish species. Different techniques have been applied in otolith shape analysis. The variability of size and form of the otolith nucleus (Postuma, 1974) , otolith increment measurements (Torres et al., 1996) , otolith dimensions (Bolles and Begg, 2000) , shape indices (Bolles and Begg, 2000; Tuset et al., 2003) , or fish size-otolith radius relationships (Zabel et al., 2010) are some examples of univariate shape descriptors used in stock identification studies. But as much of the biological information of interest is contained in the otolith shape and not necessarily confined to univariate measurements, it was necessary to develop and use techniques to examine the otolith contour. The most relevant technique used in stock identification studies is the EFA (Castonguay et al., 1991; Stransky et al., 2008a; Farias et al., 2009) , developed by Kuhl and Giardina (1982) as a parametric formulation from conventional Fourier analysis. Some authors have used a combination of both techniques (univariate descriptors and EFA) to obtain more precise and complete results (Campana and Casselman, 1993; Mérigot et al., 2007; Burke et al., 2008; Duarte-Neto et al., 2008; Stransky et al., 2008b) . In the last few years, the use of the otolith shape as a tool in stock identification studies has noticeably advanced and new techniques have arisen. For instance, Berg et al. (2005) used a method based on the relative shape and distance between the two innermost translucent zones of the cod otolith, which does not need a closed contour, unlike EFA. Reig-Bolaño et al. (2010) proposed a new contour descriptor for reconstructing fish otolith contours based on partial reflection.
In this paper, a combination of univariate measurements and EFA were used to examine the variation in the L. piscatorius otolith shape between the individuals from the Northern and Southern stocks of the Southern Shelf area because it was considered the more complete and suitable option to capture complex growth variation. There were no relevant differences in the otolith shape between stocks, either for univariate descriptors or for EFA, although high otolith shape variability between individuals was observed. However, a homogeneous mixing between both stocks is not expected as significant differences were found for the shape indices and in the LDA.
To use the otolith shape variability appropriately as a natural marker in stock identification studies, it is important to consider the factors that may affect the shape variability. The otolith shape, among other morphometric traits like the body shape, is a characteristic that reflects a combined effect of genetic variation and local environmental factors such as depth and water temperature (Lombarte and Lleonart, 1993; Swain et al., 2005; Schulz-Mirbach et al., 2008) . Many studies on stock identification have evaluated the relative importance of genetics and environmental conditions on otolith shape, but few have examined the subject directly (Burke et al., 2008) . Vignon and Morat (2010) confirm the hypothesis that otolith shape in fish occurs under dual regulation: environmental variation influencing overall change in the otolith shape, and genetic variation affecting the otolith shape locally. For anglerfish, the depth range (Table 1) and the average bottom-water temperature (averaging 10.5 and 128C in the Northern and Southern stocks of the Southern Shelf area, respectively, during research surveys) were similar for the stocks and the influence of these factors on otolith shape in terms of stock discrimination should not be relevant. Genetic regulation in anglerfish is also questionable. Previous studies using genetic variables (microsatellites) as natural markers indicated no evidence of genetic differentiation to justify the separation between the Northern and Southern stocks of L. piscatorius (Crozier, 1987; Blanco et al., 2008) . Fariña et al. (2004) found that more than 98% of the total genetic variation was attributed to differences within populations, which suggest high gene flow among populations that prevents genetic divergence between the neighbouring stocks. Previous L. piscatorius stock identification studies using morphometric traits and tagging (spaghetti T-bar tag) found no evidence of two separate populations in Southwest European waters Landa et al., 2008) . Contrary to the genetic results, L. piscatorius from different large areas can be discriminated to a greater extent based on morphometric characters. Duarte et al. (2004) reported high morphometric segregation of anglerfish from three large geographical areas located in southwestern Europe, but the differentiation did not coincide with the current stock boundaries Fariña et al., 2004) . Geographical segregation and isolation of year classes at early life stages (Swan et al., 2004) could affect morphometric variability. Similar incongruence between genetic and morphometric stock structure was found in southern African anglerfish, Lophius vomerinus (Leslie and Grant, 1990) . Observations based on tag-recapture indicated that the displacement capacity of L. piscatorius is greater than traditionally thought, changing the perception of the sedentary lifestyle of the species and the isolation between stocks. Pereda and Landa (1997) described displacements from the Southern stock of the Southern Shelf area (ICES Division VIIIc) to the Northern stock (ICES Division VIIIab), Landa et al. (2008) also confirmed bidirectional movements between these stocks and displacements between Northern stock and Northern Shelf stock, and Laurenson et al. (2005) reported anglerfish displacements from Shetland to the Faroe Islands and the southeast of Iceland. These spatial movements of L. piscatorius across the entire distribution area and a high dispersion of the anglerfish pelagic stages (Hislop et al., 2001) may cause mixing of populations.
The present results and the previous references on L. piscatorius stock identification find no biological evidence to support the current separation into a Northern and Southern stocks of the Southern Shelf area, although morphometric studies evidenced substructures of variable complexity, probably related to spawning components or specific bottom habitat selection processes. A holistic revision including the present results may give a conclusive basis for the reconsideration of the current management units in the area.
